We have conducted the largest investigation to date into the origin of phase resolved, apparent RM variations in the polarized signals of radio pulsars. From a sample of 98 pulsars based on observations at 1.4 GHz with the Parkes radio telescope, we carefully quantified systematic and statistical errors on the measured RMs. A total of 42 pulsars showed significant phase resolved RM variations. We show that both magnetospheric and scattering effects can cause these apparent variations. There is a clear correlation between complex profiles and the degree of RM variability, in addition to deviations from the Faraday law. Therefore, we conclude that scattering cannot be the only cause of RM variations, and show clear examples where magnetospheric effects dominate. It is likely that, given sufficient signal-to-noise, such effects will be present in all radio pulsars. These signatures provide a tool to probe the propagation of the radio emission through the magnetosphere.
INTRODUCTION
Soon after the discovery of pulsars, 50 years ago (Hewish et al. 1968) , it was observed that their radio signals are highly linearly polarized (Lyne & Smith 1968) , with the position angle (PA) of many pulsars changing across rotational phase in a characteristic S-shape swing, well described by the Rotating Vector Model (RVM) (Radhakrishnan & Cooke 1969) . Observed discontinuities in the PA swing in the form of 90 • jumps have been explained with the co-existence of two orthogonally polarized modes (OPMs) (Backer et al. 1976) . The observed polarized radiation is thus thought to be a superposition of the two OPMs, with the overall degree of linear polarization depending on the relative contribution of each OPM at a specific pulse longitude (Stinebring et al. 1984; van Straten & Tiburzi 2017) .
When the pulsar radiation propagates through the magnetised interstellar medium (ISM), it is affected by Faraday rotation. This results in a rotation of the orientation of linear polarization (∆PA) as a function of observing wavelength (λ), given by the expression
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where e and m e are the charge and mass of the electron, c is the speed of light in vacuum, n e is the electron density, B | | is the component of the magnetic field parallel to the line of sight, L is the distance to the pulsar and dl is distance element along the line of sight (e.g. Lorimer & Kramer 2005) . Generally, it is assumed that the radiation from the pulsar does not undergo changes as it traverses the magnetosphere, and therefore that equation (1) represents the contribution from the ISM alone. Using combined measurements of RM and dispersion measure (DM), the average magnetic field along the line of sight can be estimated, and thus the structure of the Galactic magnetic field (e.g. Manchester 1972 Manchester , 1974 Thomson & Nelson 1980; Lyne & Smith 1989; Han et al. 1999; Mitra et al. 2003; Noutsos et al. 2008; Han et al. 2018) , and it therefore important to test the above assumption. If Faraday rotation is the only source of frequency dependence of the PA, we expect the derived RM to be independent of the rotational phase of the pulsar. This can be tested using observations with high time resolution and signal-to-noise (S/N). The first authors to perform such an 2 Ilie & Johnston & Weltevrede analysis were Ramachandran et al. (2004) . They showed that the apparent RM of PSR B2016+28 varied by 30 rad m −2 as a function of pulse longitude. More recently, Dai et al. (2015) also saw apparent RM variations in a selection of millisecond pulsars. Ramachandran et al. (2004) investigated the origin of the frequency dependence of the PA for this pulsar using single pulse analysis and argued that it originated because of the incoherent addition of two non-orthogonal OPMs (quasi-OPMs) which had different spectral indices. The existence of OPMs with different spectral indices was later also observed by Karastergiou et al. (2005) and Smits et al. (2006) . Noutsos et al. (2009) concluded that although this effect can explain the apparent RM variations across pulse phase in the case of some specific pulsars, it cannot be generalized to the entire pulsar population. Ramachandran et al. (2004) argued that the observed apparent RM variations across pulse phase are not caused by Faraday rotation within the pulsar magnetosphere, since this would lead to significant depolarization. Noutsos et al. (2009) investigated the possibility that a generalized Faraday effect could be the cause. Following work from Kennett & Melrose (1998) , it was suggested that in this scenario the apparent RM variations should occur there where the circular polarization changes most rapidly with rotational phase. Although they did not find such correlation, generalized Faraday rotation was not dismissed completely, as the constraints on this theory are not well defined.
Interstellar scattering, which causes a shift of polarized radiation to a later rotational phase in a frequency dependent manner, will cause apparent RM variations. Karastergiou (2009) showed, using simulations, how even a small amount of scattering can affect the shape of the PA swing, most notably in the case of intrinsically steep PA swings. OPMs situated at phases close to where the PA swing is changing the fastest were also more likely to be affected by scattering. Noutsos et al. (2009) observed the largest RM variations coinciding with the rotational phases where the PA was the steepest, and concluded that scattering was the dominant cause of apparent RM variations. More recently, Noutsos et al. (2015) , using low frequency observations, concluded that the amplitude of the RM variations due to scattering should follow a λ −2 law.
In this paper, we quantify and investigate the nature of the observed phase-resolved apparent RM variations, RM(φ), and whether interstellar scattering is the dominant mechanism responsible. We take a statistical approach, using a large sample of pulsars. It should be stressed that these apparent RM variations quantify changes in ∂PA(λ, φ)/∂λ 2 . Hence, in the presence of other frequency dependent processes, the derived RM is not entirely a measure of the magneto-ionic properties of the ISM. From here onwards, unless otherwise stated, when we refer to RM, we refer to the RM defined in equation (1), rather than the RM from equation (2).
In Section 2 we outline the details of our observations, while Section 3 describes the methodology used in this analysis. In Section 4, the results are presented and the pulsars which showed significant phase-resolved apparent RM variations are discussed on a case by case basis. The results related to the sample as a whole are discussed in Section 5 and a summary is given in Section 6.
OBSERVATIONS
A sample of the brightest pulsars from ranked by S/N were selected for this analysis. The data were collected over the period of January 2016 to February 2017, using the Parkes radio telescope, at a frequency of 1.4 GHz and a bandwidth of 512 MHz, using the H-OH receiver. Individual observations of each pulsar were summed together in order to increase the S/N. The data were reduced to 32 frequency channels. Details of the observations and the calibration scheme used can be found in .
METHOD
The method we used to measure the RM is based on the most basic form of RM synthesis technique (RMST), which was developed by Burn (1966) and later extended and implemented by Brentjens & de Bruyn (2005) . The RMST is based on calculating the complex Faraday dispersion function, F(RM), using a Discrete Fourier Transform (DFT) given by the equation
where K is a normalization constant, c is the frequency channel index, P c is the observed linear polarization expressed as a complex number, Q + iU, in terms of the Stokes parameters Q and U, λ c is the wavelength of channel c and λ 0 is a reference wavelength (see also Heald 2009 ). The power spectrum of this function represents the RM spectrum, and | F(RM)| 2 will peak at the RM of the pulsar. Since we are only interested in the shape of F(RM), we can set λ 0 to 0 and K to 1, in equation (3). Effectively, this method consists of multiplying the complex polarization vector of each individual frequency channel with a trial RM and λ 2 dependent complex exponential, therefore it de-Faraday rotates the linear polarization before summing it over all frequencies. The RM spectrum is produced by taking the square of this function, which is effectively the degree of linear polarization as of function of the trial RM. The peak of this function, i.e. when the linear polarization is maximized, represents the optimum RM.
To obtain RM(φ), the calculation was performed for each pulse longitude bin (φ) in a similar manner. The RMST algorithm has been included in the PSRSALSA 1 software package (Weltevrede 2016) , publicly available at the link provided.
An alternative method for measuring RMs, used by Noutsos et al. (2008 Noutsos et al. ( , 2009 , consists of performing a fit of the PA as a function of λ 2 to compute the RM. One has to be careful with this method concerning the non-Gaussianity of the uncertainties on the PA in the case of low linear polarization signal, hence normally the PAs are computed only for bins where the linear polarization exceeds a certain cut-off, therefore losing sensitivity. In the case of low linear polarization, Noutsos et al. (2008 Noutsos et al. ( , 2009 ) estimate the uncertain-ties on PAs from the distribution described in Naghizadeh- Khouei & Clarke (1993) . In principle, the two methods mentioned are equivalent, however the RMST method, as implemented here, avoids the complexity of non-Gaussian error bars, as it does not require the determination of the PA with associated uncertainties.
Although analytic errors can be determined on the RMs derived using RMST (Brentjens & de Bruyn 2005) , they rely on assumptions which are not necessarily correct. Here, we attributed a statistical uncertainty on each measured RM by adding random white noise with a standard deviation determined from the off-pulse region to the data of each frequency channel, and re-performing the analysis for a large number of iterations, i.e. bootstrapping. Thus, a distribution of RMs was obtained and the standard deviation was taken as the statistical uncertainty. This provides a robust error determination method. No a-priori assumptions have to be made about the underlying signal, and non-Gaussian errors will be properly taken into account. Assigning an analytic uncertainty on the derived RM is possible (Brentjens & de Bruyn 2005) , but requires assumptions about, for example, the shape of the band-pass (see also . Furthermore, the spectral shape of the source and scintillation conditions will also affect the shape of the RM spectrum, complicating the determination of an accurate analytical uncertainty. RM(φ) curves with their associated statistical uncertainties were plotted for each pulsar and the results can be found in the online supplementary material ). An example of a typical plot is shown in Fig. 1 . In the top panel, the integrated pulse profile is displayed with the solid line denoting Stokes I, the dashed line showing the linear polarization, L, and the dotted line the circular polarization, Stokes V. The second panel shows the frequency averaged PA and in the third panel RM(φ), along with associated uncertainties.
In order to assess deviations from Faraday law at a given pulse phase, the PA was computed at those frequencies where the linear polarization exceeded 2σ. The λ 2 dependence was removed according to equation (1) using the determined RM(φ), and the χ 2 , χ 2 PA(λ 2 ,φ)
, of the remaining variability was determined. This can be seen for all pulsars as shown in the case of an example pulsar displayed on the left-hand side of Fig. 1 in the bottom panel. Note, that when deviations from the Faraday law are observed, the measured RM will not fully quantify Q and U as function of frequency. Nevertheless, since at least some of these deviations will be absorbed in the RM (as demonstrated by e.g. Noutsos et al. 2009 or Karastergiou 2009 ), variability in the RM(φ) curves can be expected, hence it is a good indicator for additional frequency dependent effects.
RM values for the profiles (i.e. non-phase resolved), RM profile , were also determined. The methodology was very similar to the one described above in the case of RM(φ). A RM spectrum was computed using equation (3) for all pulse longitude bins in a selected on-pulse region. The RM power spectra were then summed and the RM determined. These values, as well as their corresponding statistical uncertainties obtained from bootstrapping, are displayed in Table 1 . A similar test to χ 2 PA(λ 2 ,φ) was performed. The data were de-Faraday rotated using the determined RM profile , the frequency averaged PA was subtracted for each pulse longitude bin, before averaging the Stokes parameters in pulse longitude. A reduced χ 2 was determined and the results are displayed in Table 1 as χ 2
PA(λ 2 )
. Scattering will affect the measured RM profile , but Noutsos et al. (2008) avoided this contamination by averaging the Stokes parameters over pulse longitude before measuring the RM. Since scattering does not affect the pulse longitude integrated Stokes parameters, the determined RM is unaffected Karastergiou (2009) . We will refer to this RM as RM scatt . Comparison of RM profile and RM scatt provides an indication if scattering affected the polarization. The measurement of RM scatt is less sensitive compared to that of RM profile , as averaging Stokes parameters over pulse longitude leads to depolarization depending on the steepness of the PA. Our measured values of RM scatt can be found in Table 1 .
We obtained the fractional circular polarization change across the frequency band, ∆(V/I), with associated statistical uncertainties, in a similar manner to what is presented in Noutsos et al. (2009) , for each pulse longitude. This is displayed in the fourth panel of the example plot shown on the left-hand side of Fig. 1 . We quantified the deviation from no variation as χ 2 V/I (λ 2 , φ), shown in the bottom panel of the plot, as red crosses. Noutsos et al. (2009) argued that significant ∆(V/I) variations can be taken as evidence for generalized Faraday rotation in the pulsar magnetosphere. If this is responsible for the observed RM(φ) variations, then we expect the greatest variations to coincide in pulse longitude with the greatest change in ∆(V/I). However, we here point out that interpreting ∆(V/I) in terms of generalized Faraday rotation is complicated by the fact that scattering is also capable of creating ∆(V/I) variations as a function of pulse longitude. We expect that if a pulsar is affected by interstellar scattering, then the greatest change in ∆(V/I) coincides with that part of the profile where Stokes V is changing most rapidly as a function of pulse longitude (see below for a simulation). This is not necessarily where the largest RM(φ) variations occur. This therefore potentially allows the distinction between which frequency dependent effect is responsible for the apparent RM variations.
To demonstrate the effect of scattering, a simulation was performed on a synthetic frequency resolved pulse with varying PA and Stokes V with pulse longitude, and an intrinsic RM of 100 rad m −2 . Scattering was added to the profile with timescales, τ scatt , of 4 ms and 8 ms, for a pulse period of 1 sec. An exponential tail of the form exp(−t/τ scatt ), where t represents time, was convolved with the Stokes parameters in the modified data in the Fourier domain, similar to the simulation done in Karastergiou (2009) . We take τ scatt ∝ ν −4 relative to a reference frequency of 1.4 GHz. A bandwidth of 512 MHz was assumed. The results are shown in Fig. 2 . It is clear that scattering is capable of creating ∆(V/I)(φ) variations and these coincide with where Stokes V is changing rapidly. Note that scattering also produces RM variations in a region where the PA swing is steepest, as expected from Karastergiou (2009) , as well as deviations from Faraday law, as observed in the bottom panel of Fig. 2 . Note that the amplitude of variations is larger with larger amounts of scattering, consistent with the findings of Karastergiou (2009) . 
Systematic uncertainties
For pulsars with high S/N, the statistical uncertainties can be small enough that systematic effects will dominate. Some of these systematic effects could produce an additional frequency dependence of the polarization, resulting in apparent phase-resolved RM variations. We attempted to determine and quantify a number of systematic effects.
Instrumental effects can produce a peak in the RM spectrum at a value of 0 rad m −2 , which could lead to erroneous estimates of the RM and its uncertainties (see e.g. . All RM spectra were visually inspected for such peaks, and none were observed, hence these effects were not further considered.
An inaccurate DM value introduces a frequency dependent dispersive delay, which will affect the PA as a function of frequency, hence variations in RM(φ). We measured Simulations demonstrating the effect of scattering with a timescale of 4 ms (represented in black) and 8 ms (represented in red, in the online version), for a pulse period of 1 sec. The curves without scattering were also represented in grey. The reference frequency is 1.4 GHz and the bandwidth 512 MHz. The panels are as described in Fig. 1 . In the second panel, a vertical shift of 10 • in PA is applied to help distinguishing between the simulations.
DMs using tempo2 2 (Hobbs et al. 2006) for each of the pulsars analysed. However, these measurements are affected by profile variations with frequency. Hence, in order to correct for such an effect further, we obtained RM(φ) after applying 20 trial offsets, DM offset , around the determined value of DM, from −0.5 to 0.5 cm −3 pc in steps of 0.05 cm −3 pc. For each trial, we computed the RM(φ) and the weighted mean, RM(φ) , and obtained a reduced χ 2 , χ 2
RM(φ)
, of the RM(φ) with respect RM(φ) . For each pulsar, the results for the DM offset which gave the lowest χ 2
were displayed in Table 1 . However, by minimising the variability in the RM(φ) curves, which could be caused by using an incorrect DM ensures that, if variability is detected, it is not because of this systematic effect. This does not imply that this is the correct DM. As a consequence, the variations will be underestimated.
A possible systematic effect is the imperfect alignment of individual observations when creating the final datasets. The alignment is limited by the the time of arrival (ToA) uncertainties of each pulsar. We quantified this effect through simulations. The Stokes parameters of the pulsars were first averaged over frequency and duplicated to form 32 frequency channels. This ensured that all RM(φ) variations were eliminated, while the shape of the average PA remained unaffected. Fifty such individual observations were created for each pulsar, with phase offsets sampled from a Gaussian distribution with a standard deviation equal to the respective ToA uncertainty. The ToA uncertainties were smaller than 0.01% of the pulse period. These individual observations were added together and RM(φ) curves were obtained as described before. No significant variations were observed.
Another systematic effect which was quantified is the varying RM of the ionosphere, RM iono , which can change depending on the time, day or season of observation. For our observations, we considered RM iono to vary with ±3 rad m −2 (Sotomayor-Beltran et al. 2013) . If the alignment of individual observations were done perfectly, we would only expect a constant change in RM with pulse phase in each observation due to RM iono . However, if the individual observations are not perfectly aligned, we expect the effects of changing RM iono to introduce additional systematic frequency dependent variations. Based on the simulation described earlier, we allowed the RM in each observation to randomly vary within the specified limits. The only pulsar for which we observed this effect to create RM(φ) variations is the Vela pulsar, J0835−4510. The results are displayed in Fig. B .1, in the online Supplementary material. The contribution of this systematic effect appears to be less than 5%, much smaller than the next systematic to be discussed.
Polarization imperfections in the H-OH receiver can be responsible for significant RM(φ) variations compared to the statistical ones. Assuming the distortions to be linear, the transformation from un-calibrated Stokes parameters to intrinsic Stokes parameters can be determined by using a Mueller matrix, a 4 × 4 real matrix (e.g. Mueller 1948; Heiles et al. 2001) . One of the seven independent parameters of this matrix is the overall gain and is not useful for the scope of this paper. Two other parameters are the differential phase and gain. These were corrected for by performing a short pulse calibration observation, for each pulsar, which pointed slightly offset from the source right before the actual observation. The remaining four parameters, which are the ones we are interested in, are referred to as the leakage parameters. These correct for the effect where one of the dipoles records some signal that should have been detected by the other dipole.
We simulated artificial receiver imperfections, by randomizing values for the four leakage parameters. For simplicity, it was assumed that they have a linear frequency dependence. When generating these artificial leakage parameters, it was ensured that no off-diagonal elements of the Mueller matrix exceeded 1.5% conversion between Stokes parameters at any frequency channel, while reaching this maximum percentage in at least one frequency channel. This limit was chosen based on the following test. From our sample, we chose all pulsars which did not show any RM(φ) variations (e.g. J1048−5832 and J1709−4429). Our assumption was that the imperfections of the receiver could not generate more RM(φ) variations than were already observed. The limit was therefore chosen as the maximum value which did not create additional apparent variations in RM(φ).
The systematic uncertainties because of receiver imperfections were quantified for each pulsar by randomly generating 100 receiver imperfections obeying the above description, which then were used to distort the pulsar signal in the process of polarization calibration 3 . For each of these 100 different distortions, we calculated values for RM profile , RM scatt , RM(φ) and ∆(V/I)(φ). The standard deviation of these values was quoted as the systematic uncertainty in Table 1 . The systematic uncertainties determined for the RM(φ) and ∆(V/I) are displayed for each pulsar, for example in Fig. 1 , in the third and fourth panels as a 1σ contour grey shaded region over-plotted over the RM(φ) values (green in the online version).
RESULTS
Pulsars described in Sections 4.1 and 4.2 and in Table 1 , for which the phase-resolved RM profile had never been investigated previously in the literature, are marked with an asterisk (*).
The plots for the 98 pulsars have been included in the online supplementary material, in Fig. 1 . All plots were aligned so that the total intensity peaked at pulse longitude 180 • . For the six pulsars from the sample, which had both a main pulse (MP) and an interpulse (IP), we aligned the MP peak at pulse longitude 90 • and hence, the IP peaked around pulse longitude 270 • . The results from the analysis described in the Section 3 can be found in Table 1 .
The resulting RM(φ) profiles allowed us to classify the pulsars as follows. Pulsars which had χ 2
RM(φ)
> 2 were classified as showing significant RM(φ) variations and they are discussed in more detail, on a case to case basis, in Section 4.1. Six pulsars which were initially classified as showing significant RM(φ) variations, were removed from this section based on their high systematic uncertainties. A total of 42 pulsars, out of our sample of 98, were classified as showing significant RM(φ) variations.
For all cases where we saw RM(φ) variations, we observed deviations from the expected λ 2 dependence (as quantified by χ 2 PA(λ 2 ,φ)
, but also by inspecting PA versus λ 2 directly), implying that Faraday law fails to describe the full frequency dependence of the PA, and there must be another frequency and pulse longitude dependent effect present. Therefore, the results obtained from the panel where χ 2
is displayed, were not discussed on an individual basis.
Unless otherwise stated in individual cases, RM profile and RM scatt were consistent, providing no indication whether the RM was affected by interstellar scattering or not.
Pulsars with significant RM variations
PSR J0034−0721. The profile of this pulsar has a central peak and a long tail. L is low (< 20%), with two drops to zero at the longitudes where OPM jumps occur in the PA swing. Apparent RM(φ) variations occur after pulse longitude 175 • , with the largest deviations at the second OPM 6 Ilie & Johnston & Weltevrede jump, although Noutsos et al. (2015) observed no RM(φ) variations at 150 MHz. There are no significant ∆(V/I) variations observed. If scattering was responsible for the apparent RM variations, we would not necessarily expect to see large ∆(V/I)(φ) variations, given Stokes V is relatively constant as function of longitude. Furthermore, we would expect the largest RM variations at longitudes where the PA swing is steep or breaks occur, which is observed, indicating that scattering may be the primary cause for the observed RM variations.
PSR J0255−5304*. This pulsar has a two component profile, with low L and a complex PA swing. There is an OPM jump at ∼ 179 • . RM(φ) variations are as high as ∼ 90 rad m −2 but are sensitive to the choice of DM. The largest variations can be observed towards the centre of the profile although deviations can be seen at all pulse longitudes. We see significant variations in ∆(V/I) towards the centre of the profile. However, the largest variations occur towards the trailing part of the profile, where Stokes V is changing strongly. We conclude that scattering is likely responsible for the observed RM variations.
PSR J0401−7608*. The profile of this pulsar has three blended components, with the central one being the strongest, and L is moderately high, especially in the trailing component. The PA swing is flat, except in the central region of the profile, which is also where the deviations in RM(φ) occur (∼ 20 rad m −2 ). The lack of significant deviations in ∆(V/I) indicates we cannot distinguish between scattering and magnetospheric effects being responsible for the apparent RM variations.
PSR J0452−1759*. This pulsar displays complex profile and polarization frequency evolution. L is low (∼ 20%), with several OPM jumps present in the PA swing. The largest RM(φ) deviations (∼ 80 rad m −2 ) occur at the pulse longitudes of the OPM jumps, and where the PA is the steepest, whereas between 184 • and 192 • , the PA swing and RM(φ) are relatively flat. The values of RM profile and RM scatt are inconsistent, indicating that low-level scattering might affect the pulsar. Other authors (e.g. Krishnakumar et al. 2015; Lewandowski et al. 2015a; Pilia et al. 2016) indeed reported finding small amounts of scattering at lower frequencies. There are significant ∆(V/I) variations across the whole profile, with the largest where the PA swing is the steepest and the RM(φ) curve is also changing the most. In this region, Stokes V is also changing, as is expected for scattering. Therefore all indicators are consistent with interstellar scattering being the main mechanism responsible for the apparent RM variations.
PSR J0536−7543*. This pulsar has a high degree of linear polarization and a steep 'S'-shaped PA swing, except for the observed OPM break towards the trailing edge, around pulse longitude 185 • . The RM(φ) curve is flat in the leading part of the profile, where the PA swing is also relatively flat. Deviations (∼ 10 rad m −2 ) occur starting at longitude ∼ 170 • , where the PA curve is steepest. Significant ∆(V/I)(φ) variations can be seen in the same region, which is also where Stokes V changes the most, hence we cannot distinguish which frequency dependent effect is responsible for the apparent RM variations (see Section 3).
PSR J0738−4042. The PA swing of the pulsar reveals five OPM jumps. At the pulse longitudes where these jumps occur, significant deviations can be seen in RM(φ). Towards the leading edge of the profile, L is weak and the RM(φ) uncertainties are high, however a significant dip can be observed in RM(φ). Noutsos et al. (2009) classified this pulsar as having low apparent RM(φ) variations, since they only report a slow deviation in the centre of the profile, as we see between longitudes ∼ 170 • and ∼ 185 • . However, we observe much larger deviations with a maximum amplitude of ∼ 35 rad m −2 where OPM jumps occur. Complex intensity and polarization evolution with time and frequency has been reported for this pulsar (Karastergiou et al. 2011) , explaining the difference in the shape of our profile compared to what was seen in 2004 and 2006. The greatest change in ∆(V/I)(φ) occurs at pulse longitude ∼ 165 • , coincident with the largest change in RM(φ), and with an OPM transition. However, this is not where Stokes V changes most rapidly. This suggests that scattering may not be the dominant cause for the observed RM variations, and a magnetospheric effect is significant for this pulsar.
PSR J0820−1350*. The PA swing is very steep with several kinks around pulse longitudes 179 • and 184 • , however there are no OPM jumps. L is low (∼ 20%), and Stokes V has comparable magnitude. RM(φ) variations are present across most pulse longitudes. The highest amplitude variations are located where the two kinks in the PA swing occur. The low degree of L and the very steep PA swing means that RM scatt is not very significant, as reflected in the high systematic and statistical uncertainties. We see large changes in ∆(V/I)(φ) up to pulse longitude 182 • , coincident with several changes in Stokes V, as expected for scattering. It is however curious that the ∆(V/I)(φ) variations occur only up to pulse longitude 182 • , even if Stokes V is slowly changing until pulse longitude 184 • . There might be a direct correlation between the ∆(V/I)(φ) and RM(φ) curves, if the RM(φ) is distorted downwards before pulse longitude 181 • . There could be magnetospheric effects affecting the polarization of this pulsar.
PSR J0837−4135*. This pulsar has a three component profile, with a bright central component and a weaker post and pre-cursor. L is low (∼20%) and is comparable with Stokes V. The shape of the PA swing is complex: up to pulse longitude 175 • it is flat with a slight upwards gradient; in this region, the RM(φ) curve is flat. The highest amplitude apparent variations in RM(φ) are near the only OPM jump, at pulse longitude 175 • . In the centre of the profile, there are several kinks in the PA swing. Where the most prominent kink occurs (at pulse longitude ∼180 • ), we observe a significant dip in the shape of the RM(φ) values. Around pulse longitude 182 • there is a steep PA gradient, coinciding with another region of high amplitude variations in RM(φ). The greatest ∆(V/I) variations occur in the central region, where Stokes V is also changing rapidly. Considering that both RM(φ) and ∆(V/I)(φ) variations happen where the PA and Stokes V vary most rapidly, in addition to the correlation between the gradient of the PA swing and apparent RM variations suggest that scattering is the cause for RM variations. Scatter broadening has been previously reported at lower frequencies (e.g. Mitra & Ramachandran 2001) .
PSR J0907−5157. For this pulsar, L is moderately strong, peaking towards the centre of the profile, and the PA swing is relatively flat with and OPM jump at pulse longitude 130 • . This pulsar was classified by Noutsos et al. (2009) as showing no RM(φ) variations. In our observation, Table 1 . Results for the 98 pulsars analysed. Column 2 displays our measured value of the DM using tempo2. Column 3 displays the trial DM offset which minimized χ 2
RM(φ)
. Column 4 displays the most recent published value of RM for all pulsars, taken from the ATNF catalogue . The first uncertainties displayed in Columns 5 and 6 are statistical and the second are systematic. Pulsars for which the phase-resolved RM profiles had never been investigated were marked with an asterisk (*). References: (1) Noutsos et al. (2015) (2) Hamilton & Lyne (1987) (11) Taylor et al. (1993) (12) Costa et al. (1991) (13) Rand & Lyne (1994) .
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11.86 ± 0.01 −0.50 −10.0± 0.3 6 −10.5 ± 0.1 ± 0.4 −11.0± 0.1 ± 0.7 −10.5 ± 0.1 12.7 22.8 J2330−2005* 8.81 ± 0.09 0.25 9.2 ± 0.8 3 8.7 ± 1.3 ± 0.6 9.0 ± 1.8 ± 2.1 7.6 ± 0.5 0.8 1.0 J2346−0609* 22.73 ± 0.03 0.50 −5± 1 2 −6.3 ± 0.6 ± 0.3 −12.1 ± 3.6 ± 1.5 −6.6 ± 0.2 1.0 1.1 the RM(φ) curve remains generally consistent with RM(φ) in the second component, however at earlier pulse longitudes there are significant variations coinciding with variations in ∆(V/I). Stokes V is smooth across the whole profile, hence if scattering affected the pulsar, variations in ∆(V/I) would not be confined to the second component. This is therefore suggestive of magnetospheric effects as a primary cause for the apparent RM variations. PSR J0908−4913*. This pulsar has a MP and an IP, both being completely linearly polarized. The PA swing is steep, without any OPM jumps. determined the geometry of this pulsar at two frequencies, 1.4 GHz and 8.4 GHz, and concluded that this pulsar is an orthogonal rotator and the geometry is independent of frequency, if the effects of interstellar scattering were considered. The RM(φ) curve is flat for most pulse longitudes. The only observed apparent variations are in the MP, towards the trailing edge, where there is a significant upward deviation (∼ 5 rad m −2 ), starting with pulse longitude 90 • , coinciding with where the PA swing is the steepest. The IP appears to be similar to the MP (highly polarized, steep PA), but significant apparent RM(φ) variations are not observed. For the MP, ∆(V/I) variations occur at the same pulse longitudes as the RM(φ) variations. Stokes V is low and not varying rapidly across the profile, hence scattering would not necessarily be able to create such variations in ∆(V/I)(φ), and if it would, it should start earlier. It is possible that magnetospheric effects are the cause of the apparent RM variations.
PSR J0942−5552. The profile of this pulsar has three components: a strong central one and two weaker outriders. L is moderately high and the PA swing is relatively flat, broken by one OPM jump at pulse longitude 172 • . Around longitude 187 • , a dip can be seen in the PA swing. Noutsos et al. (2009) observed a varying RM(φ) curve, by as much as 20 rad m −2 in the trailing component, as well as a change in the leading component, but not the dip because of the lack of S/N. We observe similar trends in the leading component, near the OPM jump, of the order ∼ 15 rad m −2 and towards the centre of the profile in a shape of a downward gradient of few rad m −2 , however we do not observe any significant apparent RM(φ) variations in the trailing component. The statistical uncertainties on RM(φ) are relatively large, hence the significance of the variations is moderate. There are no significant variations observed in the ∆(V/I). If scattering was responsible for the apparent RM variations, we expect ∆(V/I)(φ) variations towards the centre of the profile, where Stokes V is changing. Given the large observed uncertainties on ∆(V/I)(φ), this is difficult to verify. As Mitra & Ramachandran (2001) measured a low level of scatter broadening at lower frequencies, it is possible that the observed RM variations were caused by low level scattering.
PSR J1001−5507*. This pulsar has a three component profile, with a strong central component and two weaker components. L is very low as is Stokes V, which displays the common sign reversal towards the centre of the profile. The PA swing has a complex shape. The highest apparent RM(φ) variations coincide with the first OPM jump and with where the PA gradient is steep. The values of RM profile and RM scatt suggest that interstellar scattering could affect the RM measurements. Scatter broadening has been previously reported at lower frequencies, as this pulsar is located in the direction of the Gum nebula (e.g. Mitra & Ramachandran 2001) . We see marginally significant variations in ∆(V/I) towards the trailing half of the profile, where Stokes V is changing, as expected if scattering was responsible for the apparent RM variations. Since this coincides with where the RM(φ) curve is changing most, it is difficult to distinguish between scattering and a magnetospheric effect as the dominant effect (see Section 3).
PSR J1057−5226. This pulsar has a completely polarized four component MP, with a smooth PA swing. There is also a three component IP, with a similar flux density to the MP at several observing frequencies (Weltevrede & Wright 2009 ). The first component of the IP is highly polarized, however L decreases significantly towards the trailing edge. The shape of the PA swing of the IP is peculiar, as towards the centre of the profile there is a sharp gradient change in the PA sweep, accompanied by a drop in L, which is hard to fit with the RVM model (e.g. Rookyard et al. 2015) . Noutsos et al. (2009) only analysed the MP and did not find RM(φ) variations. From our observations with better S/N, both the MP and IP show significant deviations in RM(φ). The amplitude of the observed variations in the MP are ∼ 3 rad m −2 and appear as a shallow gradient in RM(φ). The observed variations in the IP are much larger (∼ 30 rad m −2 ) and coincide with the peculiar change of gradient of the PA swing. An extreme scattering event with a duration of ∼ 3 years, was reported in the direction of this pulsar . Hence, it is very likely that during the time of our observations, the radiation was affected by a low amount of scattering. For the MP, there are significant ∆(V/I) variations around longitudes 110 • and possibly 90 • , where Stokes V is changing, which is what we expect if scattering was the effect responsible for the apparent RM variations. Since this is where the largest RM(φ) variations occur, we cannot dismiss magnetospheric effects as a possible cause (see Section 3). For the IP, there are ∆(V/I)(φ) and RM(φ) variations only up to pulse longitude 270 • , where Stokes V is changing most rapidly. Evidence points towards low level of interstellar scattering as the reason for the observed RM variations, however we cannot dismiss magnetospheric effects.
PSR J1243−6423. For this pulsar, L is low (∼ 20%), with significant depolarization observed starting from pulse longitude 180 • . The PA swing is complex, with flat regions and a very steep region in the centre of the profile. The observed RM(φ) variations have a similar shape to that reported by Noutsos et al. (2009) . One discrepancy is the amplitude of variations: in our observation it is ∼ 20 rad m −2 , while in Noutsos et al. (2009) it is ∼ 60 rad m −2 . The largest variations in RM(φ) occur at a similar pulse phase where there is a kink in the PA swing. At higher frequencies, an OPM is seen at the location of this kink (Karastergiou & Johnston 2006) . The values of RM profile and RM scatt indicate that the pulsar might be affected by scattering. The pulsar appears to be located behind an HII region, however a scattering deficit is reported by Cordes et al. (2016) . If scattering affected the pulsar, we would expect to see significant variations in ∆(V/I)(φ) around pulse longitudes 179 • , where Stokes V is changing most rapidly, as observed. However, despite Stokes V being less variable, the largest RM(φ) variations occur where the greatest ∆(V/I)(φ) changes occur. This indicates that the observed RM variations are caused by a mixture of scattering and magnetospheric effects.
PSR J1326−5859. The profile of this pulsar has three components: one bright central one and two weak outriders. Using multi-frequency observations, Lewandowski et al. (2015a) estimated the scattering timescale for this pulsar at 1 GHz to be 9.47 ms. RM profile and RM scatt are inconsistent with each other, indicating that this pulsar may indeed be significantly affected by scattering. The pulsar has a moderately high L and a complex PA swing. There is an OPM jump towards the leading edge of the profile, around pulse longitude 173 • , in a region where the PA swing is flat and there is a drop in the amount of L. In this region, there are large RM(φ) variations, similar to the ones presented in Noutsos et al. (2009) . ∆(V/I)(φ) varies where Stokes V is most changing as function of pulse longitude. This starts before the largest RM variations. So far, this is consistent with scattering. However, the largest RM(φ) variations do not coincide with where the PA is the steepest, suggesting that they could have been caused by a mixture of scattering and magnetospheric effects.
PSR J1357−62*. For this pulsar, the PA swing is generally flat, with the exception of longitude 175 • , where a very steep swing can be seen. In this region, two OPM jumps occur where L is low. The first OPM is in the leading part of the profile, while the second one coincides with the bridge between the second and third profile components. The RM(φ) curve is flat, except where the PA swing is steep and where the second OPM jump occurs. The peak-to-peak amplitude of these apparent variations is ∼ 60 rad m −2 . We also see variations in ∆(V/I) where Stokes V is changing the most, coinciding also with the largest amplitude variations in RM(φ). Comparing the values of RM profile and RM scatt , we see that they are inconsistent with each other, therefore all indicators suggests that scattering is likely the reason for the apparent RM variations, however we cannot dismiss magnetospheric effects (see Section 3).
PSR J1359−6038. The pulsar has a single component profile and a high degree of L. It was classified by Noutsos et al. (2009) as having small variations in RM(φ) towards the trailing edge of the profile, with an amplitude of ∼ 40 rad m −2 . In our observation, we see a similar behaviour, however the overall amplitude of the apparent variations is around ∼ 10 rad m −2 . RM profile and RM scatt are inconsistent, indicating that this pulsar could be affected by scattering. Lewandowski et al. (2015a) estimated a scattering timescale of 1 ms at 1 GHz. If scattering was responsible for the observed RM variations, ∆(V/I)(φ) variations should occur where Stokes V is changing most rapidly, around pulse longitudes 180 • and 185 • . ∆(V/I)(φ) variations are only observed around pulse longitude 185 • , where the greatest RM(φ) variations occur. This points towards magnetospheric effects playing a role in producing the observed RM variations.
PSR J1401−6357*. The profile of this pulsar consists of one weak leading component and several other blended components. L is very weak in the leading part of the profile. After pulse longitude 178 • , where an OPM jump occurs in the PA swing, the degree of L is relatively high. Moderately significant variations in the RM(φ) curve coincide with the OPM jump. The degree of Stokes V is very low and we do not see significant ∆(V/I)(φ) variations, preventing us saying more about the origin of the apparent RM(φ) variations.
PSR J1428−5530*. Both the degree of L and Stokes V of this pulsar are low (∼ 10%). The PA swing is relatively flat with several kinks. Where L drops to zero, apparent variations can be seen in RM(φ) (∼ 50 rad m −2 ). The statistical uncertainties on RM(φ) are large, hence this is only moderately significant. There are no significant ∆(V/I)(φ) variations to help comment on the origin of the apparent RM(φ) variations.
PSR J1453−6413. This pulsar has a profile with one strong component, one weak pre-cursor and an extended tail. L is moderately high, with a drop to zero coinciding with the OPM jump in the PA swing at pulse longitude 177 • . In the extended tail of this pulsar, L is weak and the PA swing becomes very steep around longitude 188 • . The observed RM(φ) variations have a similar shape to the ones presented in Noutsos et al. (2009) . The largest RM(φ) variations are where the OPM jump is and where the PA swing is the steepest. The values of RM profile and RM scatt are inconsistent with each other, indicating that this pulsar may well be affected by scattering. Hence, the largest ∆(V/I)(φ) variations should be in the central region of the profile, where Stokes V displays several steep sign reversals. This is the case. Interestingly, at pulse longitude 185 • , where there is a kink in the PA swing, there is a peak in the RM(φ) curve and a significant dip in the ∆(V/I)(φ) curve. At this pulse longitude, Stokes V is relatively smooth, indicating at least some of the observed RM variations are caused by magnetospheric effects.
PSR J1456−6843*. For this pulsar, L is low, with one drop to nearly zero at pulse longitude 182 • , coincident with a dip in the PA swing. The shape of the PA sweep is complex, with one OPM jump around pulse longitude 158 • . The RM(φ) variations display one of the most complex shapes in our sample, with the largest variations (∼ 20 rad m −2 ) near where the PA gradient is the steepest. There are ∆(V/I)(φ) variations across the entire profile, however they do not coincide with longitudes where Stokes V is changing the most. The largest ∆(V/I)(φ) variations occur around longitude 168 • , coincident with significant RM(φ) variations, but Stokes V is relatively constant. This suggests that the effect responsible is of magnetospheric origin.
J1512−5759*. This pulsar has a single peaked profile with a long tail. L is low (∼ 10%), and it vanishes at higher frequencies (Karastergiou et al. 2005) . At pulse longitude 172 • , L drops to zero, coincident with an OPM jump in the PA swing. At pulse longitude 179 • , the PA swing is steep and some depolarization can be observed. Here, deviations of ∼80 rad m −2 in RM(φ) occur. More deviations occur towards the trailing edge, coincident with a wiggle in the PA swing. The ∆(V/I) variations are seen where Stokes V is changing the most, indicating that the possible cause for the observed RM(φ) variations is scattering.
PSR J1534−5334*. The profile of this pulsar has three components: a strong leading one, which peaks at the same pulse longitude as Stokes V; and two weaker and wider trailing components. L is low, hence the statistical uncertainty on RM(φ) is high, especially in the trailing part of the profile. Nevertheless, there is a region between pulse longitudes 178 • and 185 • where there are significant RM(φ) variations with an amplitude of ∼ 10 rad m −2 , coincident with the wiggle in the PA swing. Where Stokes V is changing sharply, there are moderately significant ∆(V/I)(φ) variations, indicating that scattering could well be the cause for the apparent RM variations.
PSR J1559−4438*. The profile of this pulsar consists of a strong central component and weaker pre-and postcursors. L is moderately high with two drops to zero, which coincide with the OPM jumps in the PA swing. In the centre of the profile, the PA swing shows a dip close to where Stokes V changes sign. RM(φ) varies significantly where the PA gradient is steep, with the largest deviations coincident with the dip in the PA swing. Significant ∆(V/I)(φ) variations occur at longitudes where Stokes V is changing the most, as expected for scattering. The measured values of RM profile and RM scatt indicate that our observation might be affected by interstellar scattering. Johnston et al. (2008) found that at low frequencies, scatter broadening can be seen in the profile of this pulsar, hence all indicators are suggestive of scattering being the primary cause for the observed RM(φ) variations.
PSR J1604−4909*. The profile of this pulsar consists of multiple components. L is generally weak, with the exception of the central region of the profile. Here, the PA swing is steep with several kinks. Across most of the profile, the statistical uncertainty on RM(φ) points is high. Nevertheless, significant apparent RM(φ) variations (∼ 15 rad m −2 ) occur where the PA gradient is steep. There are significant ∆(V/I)(φ) variations in the central region of the profile, where Stokes V is changing rapidly, as expected if scattering affected the pulsar. This is not where the RM(φ) curve is changing the most, pointing to scattering as the main cause. RM profile and RM scatt are inconsistent (10σ deviation), indicating that the RM measurements could be indeed affected by scattering. Krishnakumar et al. (2017) estimated that the scattering timescale at 1GHz is 0.02 ms, which is small. RM scatt is consistent with the similarly derived value by Johnston et al. (2007) .
PSR J1644−4559. The profile of this pulsar has an scatter extended tail and a very weak pre-cursor. L is weak and the PA swing is relatively shallow with several bumps and an OPM transition at pulse longitude 172 • . The RM(φ) curve displays variations (∼ 20 rad m −2 ) across the whole profile and has a similar shape to what Noutsos et al. (2009) presented, with the largest variations coincident with the bump in the PA swing at longitude ∼ 186 • . The pulsar is highly scattered at lower frequencies (e.g Rickett et al. 2009 ). RM profile and RM scatt are inconsistent, indicating that the pulsar is indeed affected by scattering. Where Stokes V changes most rapidly, ∆(V/I)(φ) variations are seen, as expected from scattering. Since RM(φ) and ∆(V/I)(φ) variations coincide, magnetospheric effects cannot be entirely dismissed, but it is clear scattering contributes significantly to the observed RM(φ).
PSR J1651−5222*. This pulsar has a profile consisting of several components blended into one feature. L is low (∼ 20%) and the PA swing is relatively flat up to pulse longitude 176 • . The RM(φ) curve in this part of the profile has a U-shaped structure and is higher compared to RM(φ) . After longitude 176 • , the PA swing is steeper and there are some RM(φ) variations. The highest amplitude variations (∼ 40 rad m −2 ) occur around the notch in the PA curve where the gradient changes. Krishnakumar et al. (2017) measured scatter broadening at lower frequencies, however the scattering should be small above 600 MHz.
There are some moderately significant ∆(V/I)(φ) variations between longitudes 177 • and 180 • , in a region where Stokes V is changing most rapidly. However, this region is also where RM(φ) is varying and we cannot indicate which effect was responsible for the RM variations (see Section 3).
PSR J1701−3726*. This pulsar has a complex profile. L is moderately high and Stokes V has a comparable magnitude with regions where it exceeds L. The PA swing is steep in the central region of the profile and displays several kinks. The largest RM(φ) variations (∼ 30 rad m −2 ) occur in the shape of a dip where the PA swing is the steepest. RM profile and RM scatt are inconsistent, indicating that scattering could be responsible. Significant ∆(V/I)(φ) variations appear towards the centre of the profile, with the largest variations around longitude ∼ 184 • , where Stokes V is changing rapidly. The steepest variations in RM(φ) occur at an earlier longitude, suggesting that scattering is the main cause for the observed RM variations.
PSR J1703−3241*. For this pulsar, L is moderately high and the PA has a smooth and steep swing, without any OPM jumps. There are two wiggles in the PA swing towards the trailing edge of the profile, and this region is where significant RM(φ) variations (∼ 5 rad m −2 ) occur. Krishnakumar et al. (2017) estimated a scattering timescale of 0.13 ms at 1GHz, which is low. If the observed RM variations were caused by scattering, ∆(V/I)(φ) variations would be expected at most longitudes, as Stokes V is steeply changing across the entire profile. However, ∆(V/I) only varies towards the trailing half of the profile, where RM(φ) is changing the most. This suggests that the observed variations are caused by a magnetospheric origin effect.
PSR J1722−3207*. The profile of this pulsar has two components: a strong leading one and a weaker and wider trailing one. L is relatively low, peaking in the leading edge of the profile. The PA swing and RM(φ) curve remain flat until pulse longitude 181 • . After this longitude, the PA gradient becomes steep and a dip in the shape of the apparent RM(φ) variations can be seen, followed by an upward deviation. The amplitude of the overall variations is ∼ 40 rad m −2 . The ∆(V/I)(φ) variations do not coincide with where the largest RM(φ) variations occur. The only significant deviations can be seen around longitude 186 • , where Stokes V is changing the most, indicating that scattering is the likely cause for the apparent RM variations. Krishnakumar et al. (2017) estimated a scattering timescale of 0.3 ms at 1 GHz.
PSR J1731−4744*. This pulsar has a complex profile, with the central component being the weakest. L is generally low (∼ 20%) and the PA swing has a complex shape: it is flat until pulse longitude 182 • , followed by a steep region and several kinks and a dip around longitude 187 • . The RM(φ) curve shows significant variations across the whole profile, with the highest apparent variations (∼ 20 rad m −2 ) occurring coincident with the dip in the PA curve. There are no significant ∆(V/I)(φ) variations across the profile, since Stokes V is very low, hence the origin of the RM variations cannot be determined.
PSR J1745−3040. This pulsar has a three component profile with a moderately high L. The PA swing is relatively flat and it is broken by two OPM jumps, at pulse longitudes 168 • and 187 • , and has a bump towards the centre of the profile. Noutsos et al. (2009) classified this pulsar as showing high RM(φ) variations, with a downwards gradient change in the central region of the profile of the order ∼ 20 rad m −2 , and no apparent variations in the leading component of the pulse. In our observation, the RM(φ) curve is very different. In the leading part of the profile, the statistical uncertainties on the RM values are high, consistent with RM(φ) . Towards the centre of the profile, we see two bumps in the RM(φ) curve, right before and after the bump in the PA swing. There is no obvious gradient. This suggests the RM(φ) curve is potentially time variable. Krishnakumar et al. (2017) observed scatter broadening at lower frequencies for this pulsar and estimated a timescale of 0.06 ms at 1 GHz, which is relatively low. The largest ∆(V/I)(φ) variations occur at longitude ∼ 173 • , which is not where V changes most rapidly, suggesting a magnetospheric origin for the RM(φ) variations. If magnetospheric effects are the cause of the time variability, one might expect the profiles to change as well (a similar argument applies to changes in scattering). This is not obvious from the observations. It should be noted that a change in frequency dependence (causing RM(φ) variations) does not imply a noticeable change in frequency average (profile shape).
PSR J1751−4657*. This pulsar has a double component profile, with a stronger leading component. L is low (∼ 20%) and Stokes V is most intense in the leading peak of the profile. The PA swing is relatively steep across the entire profile with a kink, which coincides with the peak in Stokes V, and the minimum in L. This is also where the highest variations in RM(φ) occur (∼ 20 rad m −2 ). At all other longitudes, the RM(φ) curve remains flat. The large systematic uncertainties indicate that the RM(φ) variations are only moderately significant. If the pulsar was affected by scattering, ∆(V/I)(φ) variations are expected to occur in the centre of the profile, where Stokes V is changing, especially around longitude ∼ 178 • , where the most rapid changes happen. Moderately significant ∆(V/I)(φ) variations are observed between pulse longitudes 180 • and 183 • . It is unclear as to the origin of the RM variations.
PSR J1752−2806*. This pulsar has very low L and a PA swing which is relatively shallow, but with an OPM jump at pulse longitude 178 • and several steep kinks in the central part of the profile. Significant RM(φ) variations can be seen before the OPM jump. In the centre of the profile, the systematic uncertainties on RM(φ) are higher making these variations only moderately significant (∼ 80 rad m −2 ). The largest ∆(V/I)(φ) variations coincide with where Stokes V changes most rapidly, but do not occur where the largest RM(φ) variations are seen. This suggests that the RM variations are caused scattering.
PSR J1807−0847. The profile of this pulsar has several components, with the central one the strongest. L is low (∼ 20%) and there are two longitudes where it is minimal, coincident with the OPM jumps in the PA curve. The PA swing is shallow except for several kinks under the central component. This pulsar was classified by Noutsos et al. (2009) as a low varying RM(φ) pulsar with similar looking RM(φ) curve to ours. Most apparent variations can be seen where the PA swing displays wiggles starting at longitude ∼ 178 • . The statistical uncertainties on RM(φ) are large, hence these apparent variations are only moderately significant. Krishnakumar et al. (2017) estimated a scattering timescale of 0.3 ms at 1 GHz, which is small. Large ∆(V/I)(φ) variations occur across the whole profile, and they do not all coincide with Stokes V changing steeply. This indicates that the RM variations are unlikely to be entirely because of scattering.
PSR J1817−3618*. The pulsar has two components, as well as a long tail. L is relatively low, with a drop to zero at the OPM jump in the PA swing. The PA gradient becomes steep after the OPM jump, and this is where an upward deviation of the RM(φ) curve occurs (∼ 10 rad m −2 ). If the pulsar was affected by scattering, the largest ∆(V/I)(φ) variations should be in the centre of the profile, where Stokes V is changing most. No significant variations are detected, so without detailed modelling we cannot comment further on the origin of the RM variations.
PSR J1820−0427*. The profile consists of multiple blended components, with the central one having the highest amplitude. As discussed by Johnston et al. (2007) , at lower frequencies an OPM jump can be seen in the PA swing towards the leading edge of the profile around pulse longitude 178 • , however at our observing frequency the jump is less than 90 • and L does not completely disappear. At this longitude we see the highest variations in RM(φ) (20 rad m −2 ), in the shape of a dip. This coincides with the largest ∆(V/I)(φ) variations, and where Stokes V is changing the most. For this pulsar, everything is consistent with scattering being the cause. However, since the rapid Stokes V and PA changes coincide, magnetospheric effects cannot be ruled out (see Section 3).
PSR J1824−1945*. The profile of this pulsar has a strong central component and a weaker leading component. The PA swing is relatively flat and it is broken by two OPM jumps at pulse longitudes 177 • and 180 • , which is where the largest RM(φ) variations occur, with the largest variations at the second OPM jump (∼ 35 rad m −2 ). At the pulse longitudes where significant ∆(V/I)(φ) variations occur, Stokes V changes steeply. This suggests that scattering could be the cause for the observed variations. Several authors (e.g. Löhmer et al. 2004; Weltevrede et al. 2007 ) indeed reported finding scatter broadening at lower frequencies for this pulsar.
PSR J1848−0123*. The profile of this pulsar consists of multiple components. L is very low, and rapid steep changes are observed in the shape of the PA swing. RM profile and RM scatt are inconsistent, indicating that this pulsar could have been affected by interstellar scattering. Lewandowski et al. (2015a) did not detect any scatter broadening at higher frequencies, hence could not predict a scattering timescale at 1 GHz. The statistical uncertainties on the RM(φ) values are high, especially towards the trailing part of the profile. The RM(φ) curve is flat, with the exception of some significant deviations around the OPM jumps and near a very steep part of the PA swing (∼ 40 rad m −2 ). At a pulse longitude of 179 • the largest ∆(V/I)(φ) variations occur, coincident with the largest changes in Stokes V. Since this coincides with where the RM(φ) variations are observed, we cannot distinguish the effect responsible for the RM variations (see Section 3).
PSR J1900−2600*. This pulsar has a multicomponent profile with moderately high L and Stokes V. The PA swing is steep and it is broken by a jump around pulse longitude 171 • . This jump is less than 90 • and L does not completely disappear. After the jump, the slope of the PA swing changes sign, which is different from a typical OPM jump where the slope is conserved. The largest variations in RM(φ) occur at the quasi-OPM jump in the shape of a peak in RM(φ) of ∼ 30 rad m −2 . At a similar longitude the largest ∆(V/I)(φ) variations occur, and the Stokes V is steeply changing. Hence, we cannot distinguish which effect was responsible for the apparent RM variations (see Section 3). RM profile and RM scatt are inconsistent, indicating that this pulsar could be affected by interstellar scattering. This would confirm findings from other authors (e.g. Pilia et al. 2016; Yao et al. 2017) , who found scattering at lower frequencies. Our measurements are consistent with scattering being the dominant cause of RM variations, but magnetospheric effects are also possible.
PSR J1913−0440*. This pulsar has a profile consisting of three overlapping components. L is low (∼15%) at all observed frequencies . The PA swing is steep, with several kinks and one OPM jump situated at a pulse longitude 176 • . The RM(φ) curve is generally flat, except a ∼ 30 rad m −2 deviation where the PA swing is the steepest (∼ 181 • ). The largest ∆(V/I)(φ) variations occur at an earlier (∼ 178 • ) and later (∼ 182 • ) longitude, where Stokes V is changing most rapidly. This suggest that scattering is the reason for the apparent RM variations. Several authors (e.g. Lewandowski et al. 2015b; Noutsos et al. 2015) observed this pulsar to be scattered at low frequencies. Hence it is possible that the observed RM variations were caused by low level scattering.
PSR J2048−1616. The profile of this pulsar has three components, with the trailing one being the strongest. The PA swing has an 'S'-shape and can be fit with the RVM model at multiple frequencies (Johnston et al. 2007 ). The shape of the apparent variations in RM(φ) is similar to those of the observations from Noutsos et al. (2009) . The RM(φ) curve has a dip at pulse longitude 176 • of around ∼ 5 rad m −2 , coincident with the steepest region of the PA swing. We see the largest ∆(V/I)(φ) variations where Stokes V changes most rapidly. This indicates that the possible dominant cause for the observed RM variations is interstellar scattering.
Pulsars without significant RM variations
The remaining pulsars, for which χ 2 RM(φ) < 2, were classified as not showing any significant RM variations. A list is given in Table 2 . One of these pulsars, PSR J1056−6258 (see Fig. A.7) , was classified by Noutsos et al. (2009) as having high RM(φ) variations of ∼ 100 rad m −2 , especially away from the centre of the profile. In our observation, the RM(φ) curve is relatively flat across the whole profile. There appears to be a small upwards gradient of the entire curve, however given the size of the systematic uncertainty, this effect is not significant. PSR J0134−2937 (Fig. A.1 ) has a shallow PA swing with two OPM jumps and shows no apparent RM(φ) variations. However, around pulse longitude 175 • , there are significant ∆(V/I)(φ) variations where Stokes V is changing most rapidly. This indicates that the pulsar may be affected by interstellar scattering, but not at a level which is enough to produce RM(φ) variations, which is not surprising considering the flat PA swing.
The Vela pulsar, PSR J0835−4510 (Fig. A.4) , is very bright, has high L and a steep 'S'-shaped PA swing without greatly exceed few hundreds, and are not displayed in Fig. A.4 . Ultimately, the systematic effects prevent us from seeing any significant RM(φ) variations.
There are a few other pulsars which do not show RM(φ) variations, however significant ∆(V/I)(φ) variations occur coincident with the most rapid changes in Stokes V, indicating that it is possible that low level scattering is affecting them. These pulsars are PSRs J0630−2834, J1157−6224, J1602−5100, J1605−5257 and J2330−2005. In addition, for PSR J1741−3927, we also see tentative evidence for RM(φ) variations where the PA swing is steep. This strongly suggests that our ability to detect RM(φ) is S/N limited.
DISCUSSION
From our sample of 98 pulsars, 78 pulsars had their RM(φ) curves determined for the first time. Of the 98 pulsars, 42 showed significant RM(φ) variations. This is a similar fraction (9/19) from the much smaller sample of Noutsos et al. (2009) . Currently, for the majority of our sample, the statistical errors dominate over the systematic errors. We provided evidence that with increased S/N more examples of pulsars with RM(φ) variations would be detected. Noutsos et al. (2009) concluded that interstellar scattering is the dominant cause of the RM(φ) variations they observed. We re-examine this conclusion below.
From the results, it is clear that scattering alone is not enough to explain the apparent RM variations. We have identified some clear examples of pulsars for which the RM(φ) and ∆(V/I)(φ) curves were not consistent with scattering as the cause of the observed apparent RM variations. In the case of the interpulse pulsar, PSR J0908−4913 (Fig A.5) , for the MP, we observe that the greatest apparent RM variations occur towards the trailing part of pulse where the PA gradient is the steepest. This is consistent with a picture where scattering is the cause for the observed variations. However, for the IP, in the region where the PA swing is steeper than in the MP, the RM(φ) curve is flat. This is inconsistent with scattering. We also expect that if the linear polarization and Stokes V are affected by scattering, the largest ∆(V/I)(φ) variations should occur where Stokes V is changing the most. For the MP, we instead see the largest ∆(V/I)(φ) variations coincident with the greatest change in RM(φ) rather than Stokes V, which varies more at earlier pulse longitudes. This points towards magnetospheric effects as a cause for the apparent RM variations of this pulsar.
Another good example is PSR J1703−3241 (Fig A.17 ). For this pulsar, Stokes V is changing throughout the profile and is sharply varying in the central region. If scattering was the dominant cause for the apparent RM variations, ∆(V/I)(φ) variations should occur at almost all pulse longitudes equally. However, large ∆(V/I)(φ) variations only occur coincident with the greatest gradient in the RM(φ) curve. Using similar arguments we also identified magnetospheric effects as a cause for apparent RM variations for PSRs J0738−4042, J0820−1350, J0907−5157, J1243−6423, J1326−5859, J1359−6038, J1453−6413, J1456−6843, J1745−3040 and J1807−0847 (see Section 4.1 for more details), so far a total of 12 out of 42 pulsars with RM(φ) variations. The variations in 12 pulsars are caused by scattering, with the results for the final 18 pulsars being ambiguous (see Table A1 ). Noutsos et al. (2009) considered two intrinsic effects of magnetospheric origin which could cause RM(φ) variations. The first is the superposition of two quasi-orthogonal OPMs with different spectral indices. The authors assumed completely linearly polarized OPMs with a spectral index of ∼ −0.5, as derived by Smits et al. (2006) . Using simulations, Noutsos et al. (2009) concluded that in order to create apparent RM variations of the observed amplitudes, the fractional linear polarization should remain under 10%, which occurs only rarely in either their sample or ours. Hence, it was deemed unlikely that this effect could produce apparent RM variations on a large scale.
The second intrinsic effect considered was generalized Faraday rotation. Based on theory discussed in Kennett & Melrose (1998) , both linear and circular polarization are expected to be frequency dependent. Hence, one can take a correlation between the RM(φ) and ∆(V/I)(φ) curves as evidence for generalized Faraday rotation. Noutsos et al. (2009) did not observe, based on a limited sample of five pulsars, any obvious correlations and concluded that this effect is not able to produce the observed RM variations on a large scale. However, in our sample these correlations appear to be observed for many of our pulsars (based on inspecting the curves, see Section 4.1), hence the lack of correlation appears as an exception from the general rule. One of these pulsars is J1243−6423, for which Noutsos et al. (2009) did not find a correlation, yet in our data clearly reveals a correlation between the region of greatest RM(φ) change and greatest ∆(V/I)(φ) change, but it occurs at a pulse longitude where Noutsos et al. (2009) did not have significant data points (see Section 4.1 and Fig. A.8 ). Although these correlations are common, we note that this does not imply generalized Faraday rotation must be operating in the magnetosphere of pulsars. This is because also the presence of scattering will introduce a frequency dependence in both linear and circular polarization, and as a consequence, for both generalized Faraday rotation and scattering one expects a correlation between the RM(φ) and ∆(V/I)(φ) curves.
Although there is now good evidence that scattering is not the only effect causing apparent RM variations, we note that without detailed simulations for each pulsar, one cannot be sure on a case by case basis which effect is dominant. However, additional evidence for the importance of magnetospheric effects can be found by using results drawn from the sample as a whole. Noutsos et al. (2009) supported the idea that the RM(φ) variations we observe are caused by interstellar scattering, given that they observed the largest RM variations coincident with the steepest gradients of the PA swing. Dai et al. (2015) also noted this coincidence in their millisecond pulsar sample. We tried to verify whether a similar trends exists in our larger sample. By inspection, we classified a PA swing as steep if we identified a region of the swing which had a gradient larger than ∼ 4 deg/deg 4 . This classification can be found in Table A1 . The trend was confirmed, considering that out of the 42 pulsars which were classified as showing phase-resolved RM variations, 34 of these have a steep PA curve and only 8 of the pulsars display a shallow PA curve. In contrast, for the 56 pulsars classified as not showing apparent RM(φ) variations, 33 had a steep PA swing and 23 had a shallow PA swing. However, it is not correct that this implies that scattering is the primary cause for RM variations. If effects intrinsic to the pulsar magnetosphere distort the PA as function of both frequency and pulse longitude, then we would also expect the greatest variations in RM to occur near the steepest part of the PA swing.
If scattering was the dominant cause for most cases of RM(φ) variations, we expect that the pulsars which show apparent RM variations to be high-DM pulsars. This is because pulsars with higher DM are more affected by interstellar scattering (e.g. Bhat et al. 2004; Geyer et al. 2017) . Noutsos et al. (2009) observed a weak correlation, since the two strongest RM varying pulsars from their sample were also the highest DM pulsars. In Fig. 3 , a DM histogram is displayed for pulsars showing (42 pulsars) and not showing RM variations (56 pulsars). A Kolmogorov−Smirnov (KS) test shows the DM distributions are very similar, pointing to magnetospheric effects being important.
Similar to Fig. 9 in Noutsos et al. (2009) , the amount of observed RM(φ) variations of the 42 pulsars as a function of the DM of the pulsar is shown in the left-hand panel of Fig. 4 . The peak-to-peak amplitude of the apparent RM variations, ∆RM, was obtained by only considering RM(φ) values which were situated more than 3σ away from RM(φ) . For the 56 pulsars with no significantly varying RM(φ) curves, ∆RM was set to zero. The uncertainties on the ∆RM values were obtained by combining the statistical uncertainties of the two RM(φ) values in quadrature. For all pulsars with non-zero measurements of ∆RM, the statistical uncertainties dominated over the expected systematics. The S/N of each pulsar was also represented in the plot, by displaying a symbol with a size proportional to the log 10 (S 1400 ), where S 1400 is the mean flux density at 1.4 GHz taken from in Fig. 4 . From the left-hand side plot in Fig. 4 , there is no correlation between the DM of a pulsar and ∆RM. There are several low-DM pulsars which display comparable magnitude apparent RM variations to the high-DM pulsars. Regardless of including the pulsars with lower flux densities, for which the detection of phase-resolved apparent RM variations is more difficult, we do not observe a correlation. Pulsars for which the variations were caused by magnetospheric effects (blue circles in Fig. 4 ) appear to have in general smaller RM(φ) variations compared to the ones for which scattering was identified as the dominant effect. This suggests that magnetospheric effects are most evident in cases of pulsars with low levels of scattering. If both effects are present, scattering potentially masks the other effect.
The absence of a correlation between DM and the magnitude of the detected apparent RM variations is surprising, given that scattering should theoretically have an effect. We therefore simulate what level of correlation could be expected assuming scattering is the main reason for the apparent RM variations. We used a distribution between measured scattering timescales, τ scatt , and DM. Measurements from Bhat et al. (2004) were supplemented by more recent measurements, in order to quantify the range of expected scattering timescales for a certain DM. The obtained distribution of τ scatt versus DM, scaled at a frequency of 1.4 GHz, is shown in Fig. 5 . Most of the points with a DM < 200 pc cm −3 were derived from measured values of scintillation bandwidths, ν d . These correspond to scattering timescales of C/2πν d , with C being a constant with values between 0.6 and 1.5 (Lambert & Rickett 1999) . These values depend on various assumptions about the spectrum or geometry of the electron density variations. We assume C = 1.
Before simulating the expected effects of interstellar scattering on our pulsars, the profile in each frequency channel was replaced by the frequency-averaged profile. This ensured that all RM(φ) variations were eliminated, while the shape of the average PA swing remained unaffected. We randomly selected three possible scattering timescales for each DM of every pulsar using the distribution from Fig. 5 . Scattering was added, as described in the Method section, Section 3. Each of the three different scattered versions of each pulsar was analysed as previously described, and the plot of ∆RM versus DM is displayed as the right-hand panel of Fig. 4 .
It is clear from this panel that the expected RM(φ) variations are too low compared to what is observed for low, DM < 200 pc cm −3 pulsars. Furthermore, we were also not able to reproduce the observed amplitude of RM variations for the highest-DM pulsar of our sample (PSR J1512−5759 with DM = 627.47 pc cm −3 ). This was because the expected τ scatt for this pulsar was large enough to completely flatten the PA swing and not produce any apparent RM variations, suggesting that this pulsar has an unusually low scatter timescale for its DM. The fact that scattering alone cannot reproduce the amount of apparent RM variations found at the low DM end of the distribution supports the conclusion that additional magnetospheric effects are important, especially for pulsars that have low levels of scattering.
The magnetospheric effects that can cause the PA to be distorted in a frequency dependent way might well be most prominent in pulsars which show evidence for other complex emission properties. Motivated by this we made a distribution (Fig. 6 ) of the number of profile components of pulsar which show, or not show, significant apparent RM variations (Table A1 in the Appendix). We counted the number of profile components by visual inspection. It is clear from Fig. 6 that pulsars which show RM(φ) variations tend to have more complex profiles. Pulsars with single-peaked or double-peaked profiles tend to not display RM variations, suggesting that profile shape complexity and apparent RM variations are related. For scattering to cause apparent RM variations only requires a complex or steep PA-swing. So unless complex profiles have complex PA-swings, scattering alone cannot explain Fig. 6. Fig. 7 shows a histogram of the classification of a PA swing as either steep or shallow as a function of the number of profile components. There is no evidence for such a correlation, indicating interstellar scattering is not enough to explain the observed apparent RM variations.
In all cases where we observed RM(φ) variations, there are significant deviations from the Faraday law expected λ 2 dependence of the PA as a function of frequency (as shown in the panels where χ 2
is displayed). This implies that another frequency and pulse longitude dependent effect is present, Furthermore, as expected, we also observe large deviations from a λ 2 dependence for pulsars with large systematic uncertainties on their RM (φ) maybe not surprising a different conclusion is reached. We observe similar deviations in the lowest panels of in regions where ∆(V/I)(φ) is deviating from zero, indicating that both linear and circular polarization are often both affected. These findings are as expected, considering that for both scattering (see Fig. 8 for an example) and magnetospheric effects, there is no reason to expect a λ 2 relation to describe their induced frequency dependence of the PA. 
SUMMARY AND CONCLUSIONS
A large sample of pulsars was analysed for phase-resolved apparent RM variations, RM(φ). We used a basic version of the Rotation Measure Synthesis Technique (publicly available as part of the PSRSALSA software package) and quantified both statistical uncertainties, using bootstrapping, as well as systematic uncertainties. The way we computed the statistical uncertainties avoided making a-priori assumptions about the underlying signal. The dominant source of systematic uncertainties was identified to be due to the impurities of the receiver. The RM(φ) curves of 78 pulsars which have never been published before are presented in this analysis and 42 pulsars out of our sample of 98 showed significant phase-resolved RM variations. Given sufficient S/N, this fraction will increase, but will ultimately be limited by the systematic uncertainties. It has been suggested in the literature, that if the largest changes in circular polarization across the frequency band, ∆(V/I)(φ), coincide with RM(φ) variations, this can be taken as evidence for generalized Faraday rotation in the pulsar magnetosphere. However, we have argued that scattering is also capable of producing such changes, complicating distinguishing between magnetospheric effects and scattering as the main reason for apparent RM(φ) variations. However, we were able in some individual cases to make this distinction. This is different to Noutsos et al. (2009) , who concluded based on a smaller sample that all apparent RM variations are consistent with interstellar scattering. We identified magnetospheric effects as a cause for apparent RM(φ) variations for PSRs J0738−4042, J0820−1350, J0907−5157, J0908−4913, J1243−6423, J1326−5859, J1359−6038, J1453−6413, J1456−6843, J1703−3241, J1745−3040 and J1807−0847, a total of 12 out of 42 pulsars with RM(φ) variations. The variations in 12 pulsars were consistent with scattering, while the results for the final 18 pulsars were ambiguous. If scattering, which is most prominent in high-DM pulsars, was the dominant cause for phase-resolved apparent RM variations, then the amplitude of apparent RM variations should be correlated with DM. This is not observed. A simulation revealed that if scattering was the dominant cause for apparent RM(φ) variations, then these variations should be significantly lower for pulsars with DM ≤ 200 pc cm −3 . This confirms the conclusion that magnetospheric effects are important, especially for pulsars that have low levels of scattering. We have pointed out that significant deviations from the expected λ 2 dependence of the PA as a function of frequency are expected both for interstellar scattering and magnetospheric effects. Although Noutsos et al. (2009) concluded that scattering was the main cause for the observed RM(φ) variations, they did not find any evidence for non-Faraday components. We found clear evidence for these expected deviations in our higher S/N data.
We found a correlation between complexity of profiles and whether the pulsars showed RM variations or not, which cannot be explained if scattering is the only cause of the apparent RM variations, considering that in that case only the shape of the PA-swing is important. Pulsars with multiple profile components potentially have more complex emission properties and hence the magnetospheric effects could cause the PA to be distorted with frequency. It has been confirmed that RM(φ) variations are associated with complex and steep dependencies of PA with pulse longitude. We found that in general both linear and circular polarization as a function of frequency are affected by the effect responsible for the RM(φ) variations.
All this evidence strongly points towards magnetospheric effects, such as generalized Faraday rotation, as a reason for apparent RM(φ) variations in many pulsars. In most cases, the amplitude of these variations is relatively small, with the exception of a few pulsars. PSR J1512−5759, for which RM(φ) variations are ∼ 80 rad m −2 , has one of the largest amplitude variations from the sample. Even then the impact on the phase-averaged RM is only modest. Therefore, apparent RM(φ) variations will not have a great impact on, for example, the strength of the Galactic magnetic field as derived from RM, especially when compared with the other uncertainties involved. Our results imply that the frequency dependence of PA gives a way to probe what is happening to the radiation in pulsar magnetospheres. Table A1 . Table summarising the observational results. The classification of whether a pulsar showed significant phase-resolved RM variations or not is displayed in columns 2 and 7, as discussed in Section 4. In columns 3 and 8, the number of identified profile components is displayed. The classification of whether the PA swing of a pulsar was steep or shallow is shown in columns 4 and 9. For the 42 pulsars with significant RM(φ) variations, columns 5 and 10 display whether the observed variations can be explained by scattering alone, or whether magnetospheric effects play an important role. For the pulsars marked with an asterisk (*), we concluded that it is likely that scattering plays a role in the observed RM(φ) variations, besides magnetospheric effects.
In this section, we display the resulting phase-resolved RM plots for the 98 pulsars, in Fig. A.1−Fig. A.26 . In each Figure, we display four plots. These plots were aligned so that the total intensity peaked at pulse longitude 180 • . For the pulsars which had both a MP and an IP, we aligned them so that the MP peaked at pulse longitude 90 • the IP peaked at longitude 270 • . In each plot, in the top panel, the solid line denotes Stokes I, the dashed line shows L and the dotted line Stokes V. , represented by the red crosses. The horizontal line corresponds to a reduced χ 2 of 1.
B Systematic uncertainties of Vela from RM iono
Following the description in Section 3.1, we considered the effect of a varying RM because of changes in the ionosphere. For the Vela pulsar, J0835−4510, this leads to systematics effects in the longitude resolved RM curve, as determined in Fig. B.1 . 
